Graminaceous plant species acquire soil iron by the release of phytosiderophores and subsequent uptake of iron(III)-phytosiderophore complexes. As plant species differ in their ability for phytosiderophore hydroxylation prior to release, an electrophoretic method was set up to determine whether hydroxylation affects the net charge of iron(III)-phytosiderophore complexes, and thus chelate stability. At pH 7.0, non-hydroxylated (deoxymugineic acid) and hydroxylated (mugineic acid; epi-hydroxymugineic acid) phytosiderophores form single negatively charged iron(III) complexes, in contrast to iron(III)-nicotianamine. As the degree of phytosiderophore hydroxylation increases, the corresponding iron(III) complex was found to be less readily protonated. Measured pKa values of the amino groups and calculated free iron(III) concentrations in presence of a 10-fold chelator excess were also found to decrease with increasing degree of hydroxylation, confirming that phytosiderophore hydroxylation protects against acid-induced protonation of the iron(III)-phytosiderophore complex.
Graminaceous plant species are among those many important crop species that differ widely in their response to iron-deficiency stress. Understanding these stress responses is important for increasing crop yields on calcareous soils as well as improving the iron content of grains for human consumption. Graminaceous plants respond to iron deficiency by the exudation of phytosiderophores to increase the availability of iron for uptake and by increasing the uptake capacity for iron(III)-phytosiderophores (Takagi, 1976; Rö mheld and Marschner, 1986) . Phytosiderophores are hexadentate ligands that coordinate iron(III) with their amino and carboxyl groups (Mino et al., 1983) . When released to the rhizosphere, phytosiderophores chelate sparingly soluble soil iron by forming iron(III)-phytosiderophore complexes, which can be subsequently transported across the root plasma membrane via facilitated transport (Rö mheld and Marschner, 1986; Ma et al., 1993) . In general, plant species releasing high quantities of phytosiderophores such as barley, rye, and wheat are more resistant to iron deficiency chlorosis than species releasing smaller quantities such as maize, sorghum, and rice (Marschner et al., 1986; Kawai et al., 1988; Rö mheld and Marschner, 1990; von Wirén et al., 1995) . However, this correlation with the quantity of phytosiderophores released is not always consistent; chlorosis resistance in different maize cultivars is reported, but may not be related to the total amounts of phytosiderophores secreted, indicating the existence of other factors controlling iron efficiency (Lytle and Jolley, 1991; von Wirén et al., 1994) .
In principle, phytosiderophore structure may influence iron acquisition in three nonexclusive ways: they may differ in (a) susceptibility to microbial degradation, (b) affinity for the transport process across the root cell plasma membrane, or (c) iron(III) chelating properties. Little information exists on the influence of phytosiderophore structure on the resistance to iron deficiency chlorosis and what exists can be contradictory. For example, many chlorosis resistant plants, such as barley and rye, synthesize mostly hydroxylated phytosiderophores, whereas nonhydroxylated deoxymugineic acid (DMA) predominates in the susceptible species such as maize and rice (Kawai et al., 1988; Rö mheld and Marschner, 1990; Mori et al., 1991) . Wheat is rather chlorosisresistant, however, and only releases DMA (Rö mheld and Marschner, 1990 ). Microbial degradation rates of phytosiderophores may not be a major factor determining iron efficiency. Sorghum root exudates contain hydroxymugineic acid (HMA) and DMA, both of which are degraded at similar rates after inoculation of an axenic hydroponic sorghum culture with rhizosphere microorganisms (von Wirén, 1994) . Fur-thermore, short-term uptake of 59 Fe-labeled chelates of different phytosiderophore species into roots did not significantly differ even with different plant species, unless the typical phytosiderophore backbone was altered (Rö mheld and Marschner, 1990; Ma et al., 1993; Klair et al., 1996) .
In this study we have investigated iron(III) chelating properties as a possible factor causing discrimination among differentially hydroxylated phytosiderophores. Hydroxylation may affect such properties as affinity constants and the effect of pH on iron(III) chelating capacity. We therefore determined affinity constants (K Fe(III) ) and pKa values for a range of phytosiderophores differing in their degree of hydroxylation. This permitted calculation of the free Fe 3ϩ (pFe 3ϩ ) activities and the direct estimation of the effect of hydroxylation on the iron(III) chelating capacity of phytosiderophores at different pH values. Phytosiderophore hydroxylation may also modify the influence of pH on the net charge of iron(III)-phytosiderophore complexes and this charge may be an important factor in influencing chelate mobility in soils (Inoue et al., 1993) , as well as the interaction of the iron phytosiderophore with the putative receptor or transport proteins at the root plasma membrane (von Wirén et al., 1998) . It is surprising that the charge of iron(III) phytosiderophores has not been determined directly, although it is assumed to be Ϫ1 by analogy with the structure of cobalt(III) mugineic acid (MA; Sugiura et al., 1981) . In this study we report the direct measurement of the charge on the iron phytosiderophore complex.
During these investigations we observed that the net charge of iron(III) phytosiderophores is strongly pH dependent and that such changes can be used to investigate the influence of phytosiderophore backbone hydroxylation on chelate stability. We therefore set up and calibrated an electrophoretic method for the direct determination of the net charge of iron(III) complexes of the MA family. The information on iron(III) chelate charge together with the determination of iron(III) phytosiderophore stability constants was used to predict iron(III) chelation by differently hydroxylated phytosiderophores under varying physiological conditions. To determine the structural features creating charge differences in iron(III) complexes, 59 Fe-labeled iron(III) complexes of the MA-family phytosiderophores (MA, epi-hydroxymugineic acid [eHMA] , and phytosiderophore II [PSII] ) and of nicotianamine (NA) were electrophoresed and the charges of the complexes were determined. At pH 7.0 electrophoretic running times of the phytosiderophore complexes corresponded to net charges between Ϫ1.1 and Ϫ1.2 (Table   I) . Such values are in agreement with the suggestion of Murakami et al. (1989) that the ␣-hydroxyl group present on phytosiderophores ( Fig. 1) completely ionizes upon complex formation with iron(III) (Fig. 2) . Moreover, this model is supported by the observation that the iron(III)-NA complex, which lacks an ␣-hydroxyl group, carries a net charge of zero (Table  I) . Despite zinc(II) possessing one charge less than iron(III), the zinc phytosiderophore complexes possess a net negative charge similar to that of the corresponding iron(III) complex. This is best explained by the non-dissociation of the ␣-hydroxyl group in the presence of zinc(II) (Fig. 2) , which in turn results from the much lower charge density of the zinc(II) cation (Hider and Hall, 1991) .
Low pH Induces a Transition from Negatively Charged to Neutral Iron(III) Phytosiderophore Complexes
The iron(III) complexes of the phytosiderophores DMA, MA, eHMA, PSI, and PSII, together with iron(III) EDTA were subjected to electrophoresis over the pH range 4.0 to 7.0 (Fig. 3 ). For this analysis PSI and PSII were included to investigate the influence of the immediate structure of the amino carboxylate region on the protonation behavior of the iron(III) complexes. The iron(III) complex of EDTA remained unaffected by the increase of acidity in the medium. The iron(III) complexes of eHMA and MA adopted the predicted negative charge over the pH range 5.0 to 7.0. However, at more acidic values another less negative complex was found to form ( Fig. 3) , most likely as a result of protonation. In contrast, the negatively charged iron(III) complex of DMA, a nonhydroxylated phytosiderophore, only exists at pH 7.0. At pH 6.0 and below, a neutral complex predominates. In a similar fashion to DMA, a negatively charged iron(III) complex of PSI was only observed at pH values 6.0 and 7.0 and even at pH 7.0 this was not the major species. A neutral species was found to dominate over the entire pH range investigated (4.0-7.0). In contrast to PSI, PSII, which differs from PSI by the introduction of an isobutyl group on the terminal amino carboxylate region, forms a more acid-stable, negatively charged iron(III) complex over the pH range 5.0 to 7.0. With PSII, it is only below pH 5.0 that appreciable conversion to the neutral complex is observed ( Fig. 3 ).
In principle, the acid-induced transition from the negatively charged to neutral species could involve simple protonation of the ␣-hydroxy group. However, if that were the case, it would not be possible to separate the protonated and unprotonated species by electrophoresis due to their extremely rapid interconversion (10 8 s Ϫ1 ). Thus protonation must involve dissociation of either the aminocarboxylate region or the hydroxycarboxylate region of the molecule; either conversion would account for the change in the net charge of the complex. The marked difference between the behavior of PSI and PSII provides strong indication that it is the amino carboxylate region that dissociates first, the hydroxycarboxylate region being identical in both molecules (Fig. 1) . This acid-induced dissociation appears to be a general characteristic of the phytosiderophore class of molecule. Computer-generated models of the iron(III) and zinc(II) complexes of MA. The coordinates are based on the cobalt(III) complex of MA (Sugiura et al., 1981) and the ionization states are as reported in Table I . There is a striking similarity between the two complexes, including their net charges of Ϫ1. The only major difference is the presence of the protonated hydroxyl group. 
Iron(III)-Phytosiderophore Affinity Constants Increase with Degree of Hydroxylation
The pKa values and iron(III) affinity constants for the phytosiderophore analog PSII and MA were determined by simultaneous conductiometric and spectrophotometric titration (Table II) . These values are compared with those previously reported for DMA and eHMA (Murakami et al., 1989) . The pKa values were assigned as indicated in Figure 4 . The values of pKa 1 and pKa 2 are quite low and therefore have not been widely reported for phytosiderophores. By analogy with N-alkyl amino acids, the lowest value, pKa 1 has been assigned to the carboxylate group adjacent to the tertiary amine. pKa 2 and pKa 3 have been assigned to the secondary amino acid and hydroxy acid moities, respectively. The two most basic pKa values correspond to the two amino groups, the more basic, pKa 5 , being associated with the tertiary amino group (Fig. 4) . The homologous pKa values were found to fall in tight ranges and the values determined in this study (PSII and MA) were in good general agreement with those determined by Murakami et al. (1989) for DMA and eHMA. However, some clear trends were observed, for instance the values of pKa 4 decreased with the increasing number of hydroxyl groups present on a phytosiderophore; the sequence being 8.25, 7.78, 7.10 for DMA, MA, and eHMA. It is clear that the presence of hydroxyl groups in the linking carbon chains in MA and eHMA decrease the pKa values of the adjacent amino functions (pKa 4 and pKa 5 ). This is due to the combined influence of intramolecular hydrogen bonding (Fig. 4B ) and an inductive effect (withdrawal of electrons due to the presence of the electronegative oxygen atom) due to the presence of ␤-hydroxyl groups (Fig. 4C ). (Table II) . The pFe 3ϩ values provide useful indications of the ability of a phytosiderophore to bind iron(III) under conditions likely to be found in the soil microenvironment (Fig. 5) . The tighter the binding of iron(III) to the phytosiderophore, the higher the pFe 3ϩ value. Thus, at low concentrations of iron, over the pH range 4 to 7 the ability to bind iron(III) decreases in the series HMA Ͼ MA Ͼ DMA.
There is one major difference between the structures of PSII and DMA, which is centered at the azetidine ring (pKa 5 ), where the strained tertiary amine of DMA is replaced by a secondary amine, substituted with a hydrophobic alkyl side chain. This substitution results in a decrease in the basicity of the pKa 4 and pKa 5 values in the synthetic phytosiderophore when compared with the corresponding groups on the non-hydroxylated phytosiderophore DMA. Although the K Fe(III) values are similar for the two molecules, the differences in the pKa 4 and pKa 5 values induce an appreciable difference in the pFe 3ϩ values, the pFe 3ϩ for PSII being larger (Table II ; Fig.  5 ). The trends in pFe 3ϩ values for the entire group agree well with the trends of the observed acid stability (Fig. 3) .
DISCUSSION
The introduction of hydroxyl groups on the phytosiderophore skeleton leads to an enhanced affinity for iron(III) over the pH range 5.0 to 8.0 when compared with the corresponding unsubstituted phytosiderophore. This is due to the formation of intramolecular hydrogen bonding between the functional hydroxyl groups and the two chelating amino groups. This finding has been demonstrated by two independent methodological approaches. As a direct approach, equilibrium constants of protonated ligands (pKa) and affinity constants (logK Fe(III) ) of iron(III) phytosiderophores were measured and used to calculate free iron(III) concentrations (pFe 3ϩ ) at different pH values. Then an electrophoretic method was developed to determine the net charge of iron(III) complexes to investigate: (a) the influence of the ␣-hydroxy groups on the net charge of iron(III) and zinc(II) phytosiderophore and NA complexes, (b) the influence of the aminocarboxylate group on the net charge of iron(III) phytosiderophore complexes using the chemically synthesized phytosiderophores (PSI and PSII), and (c) the influence of phytosiderophore backbone hydroxylation on iron(III) complex stability with decreasing pH.
Substitution of the ␣-hydroxy group [iron(III)-PS] with an amino group (NA) results in the loss of the single negative charge of iron(III)-phytosiderophore complexes at pH 7. This demonstrates that in iron(III)-phytosiderophores, the ␣-hydroxy group is fully ionized (Table I) , a finding that agrees with potentiometric studies on iron(III)-phytosiderophore complexes and structural data on cobalt(III)-phytosiderophore complexes (Sugiura et al., 1981; Murakami et al., 1989) . A similar finding has been reported for a range of microbial siderophores (Thieken and Winkelmann, 1992; Haag et al., 1994; Carrano et al., 1996) . In contrast, with zinc(II)-phytosiderophore complexes, the ␣-hydroxy group remains protonated (Table I) , which leads to identical net charges and presumably conformations similar to those of the corresponding iron(III)-phytosiderophore complexes (Fig. 2) . The close structural analogy of the zinc(II) and iron(III) complexes renders it likely that both complexes are recognized by the same binding site on a membrane transport protein. Such a mechanism provides a ready explanation for the observation that phytosiderophores facilitate the absorption of both zinc and iron into the roots of graminaceous plant species (Ma et al., 1993; von Wirén et al., 1996) .
In general, acidic pH values cause partial dissociation of multidentate iron(III) complexes. However, complexes that contain hydroxy-carboxylate groups, such as citrate (Martin, 1986) and N-hydroxyethylethylenediaminetriacetic acid (HEDTA; Gustafson and Martell, 1963) , are quite stable between pH 4.0 and pH 8.0. This means that the phytosiderophore amino terminus likely dissociates first when exposed to increasingly acidic solutions. The direct monitoring of pH induced changes on the net charge of iron(III)-phytosiderophore complexes demonstrated that iron(III)-PSII is more resistant to protonation than iron(III)-PSI (Fig. 3) . This difference results from the structural difference of the amino terminae (Fig.  1) . The presence of the N-isobutyl group was found to increase the affinity of PSII for iron(III) when compared to DMA (Fig. 5) , and also to enhance the acid stability of the iron(III) complex (Fig. 3) . In a similar manner, hydroxylation of the phytosiderophore skeleton either in the 2Ј-hydroxy group as in MA, or additionally in the 3-hydroxy group as in eHMA, results in intramolecular hydrogen bonding. This reduces competition of the chelating amino groups for hydrogen ions, thereby enhancing the stability of the iron(III) complexes particularly under mildly acid conditions (pH 5.0-6.5). Thus the HMA iron(III) complex is remarkably acid stable, whereas the iron(III) complexes of the non-hydroxylated phytosiderophore DMA forms the partially dissociated neutral iron(III) complex even at pH 7.0 (Fig. 3) . A proton is involved in the equilibrium reaction between the negative complex [PS Fe III ] Ϫ and the partially dissociated neutral complex [HPS Fe III ] o (Fig.  6) . Thus the equilibrium between these two com- Figure 6 . Proposed proton-induced conformation change of the iron(III) complex of phytosiderophores. Upon protonation of the amino terminal end of the phytosiderophore, the protonated amine dissociates from the iron(III) cation, pulling with it the attached carboxylate group, converting the hexadentate coordinated structure to a tetradentate structure.
von Wirén et al. plexes is pH dependent, and the equilibrium constant (K eq ) between the two forms is likely to be largely influenced by the value of pKa 5 , the amino group that is protonated during the dissociation step. The greater tendency for the iron(III) complex of DMA to dissociate is related to its higher pKa 5 value compared with those of PSII, MA, and eHMA (Table II) .
To verify the influence of hydroxylation on pHdependent iron(III) chelation, direct quantification of the pKa values and affinity constants for iron(III) was undertaken (Table II) . DMA, with no hydroxyl groups, possesses functional amino groups with pK values of 8.25 and 10.00; MA, with one hydroxyl group, has values of 7.78 and 9.55, and eHMA, with two hydroxyl groups, has values of 7.10 and 9.62. It is clear that the presence of hydroxyl groups is associated with a reduction in pKa value (the affinity for protons). Although the presence of hydroxyl groups may also reduce the affinity for iron(III), the influence on hydrogen ion interaction dominates (Hider et al., 1998) . This differential property demonstrates that, at physiologically relevant pH values, the competition between protons and iron(III) cations favors iron(III) chelation in the presence of an intramolecular hydrogen bonding of one or more of the complexing ligands. Such findings have been well characterized with substituted catechols (Garrett et al., 1989) and pyridinones (Xu et al., 1995) .
Thus the sequence of pFe 3ϩ values for the natural phytosiderophores reflects that of the combined pKa values (pKa 4 ϩ pKa 5 ) of the two phytosiderophore amino groups, namely 18.25, 17.33, and 16.72, which in turn reflects the number of substituent hydroxyl groups 0, 1, and 2 for DMA, MA, and eHMA, respectively. eHMA binds iron(III) over 15 times more tightly than DMA at pH 6.0, a factor that will be of physiological significance not only in view of the competition with iron-chelating compounds from other plant species or with microbial siderophores in the rhizosphere, but also with respect to competing protons. It is clear that hydroxylation leads to higher iron(III) complex stability. Therefore, graminaceous species producing hydroxylated PS species, such as barley and rye, are expected to have a competitive advantage when their PS-iron(III) complexes move through slightly acid environments, such as at the plasma membrane surface where the pH is locally acidified due to the activity of the H ϩ -ATPase (Thibaud et al., 1988) . Whether the increased resistance of barley and rye to iron-induced chlorosis is influenced by phytosiderophore hydroxylation (Marschner et al., 1986) remains to be determined.
MATERIALS AND METHODS

Chemicals
MA and NA were synthesized as previously described and were at least 95% pure as judged by 1 H-nuclear magnetic resonance (Shioiri et al., 1995) . eHMA was kindly supplied by Dr. T. Shioiri (Nagoya City University, Japan). The phytosiderophore analogs PSI and PSII were synthesized as previously described by Klair et al. (1996) . EDTA, diethylenetriamine-pentaacetic acid (DTPA), and HEDTA were purchased from Sigma (Poole, Dorset, UK). 1, 2-Dimethyl-3-hydroxypyridin-4-one (CP20), which forms a neutral complex with iron(III), was synthesized as previously described by Dobbin et al. (1993) 
High Voltage Electrophoresis
A sheet of filter paper (grade 1F, Munktell, Stockholm) was placed on a cooling plate covered by an acetate foil in an electrophoresis cuvette (Multiphor II; Pharmacia, Milton Keynes, UK). The filter paper was positioned so both ends were in buffer solution (0.1 m MOPS-KOH, pH 7.0) and the paper was prerun at 400 V for 20 min. The buffers for pH 6, 5, and 4 were pyridine (5% v/v) adjusted to the desired pH value by the addition of glacial acetic acid. Small pieces of filter paper (10 ϫ 4 mm) were loaded with approximately 10 L of 1 mm 59 Fe-chelate or 65 Zn-chelate solution (2 kBq) and were then placed on a start line in the middle of the paper sheet. Separation was achieved in the dark at a constant voltage of 400 V at 10°C. After 1 h, electrophoresis was stopped, the paper sheet was immediately dried with a hair-drier, and cut into 8 mm-wide strips parallel to the start line. The amounts of radioactivity on the paper strips and on the deposit paper were determined in a gamma-counter (Wallac 1280 Compugamma CS, Perkin Elmer, Cambridge, UK) by dry Cerenkov counting. For a comparison of migration distances, results were expressed in cpm per strip corresponding to 8-mm migration distance.
The net charge was calculated from the migration distances using the 59 Fe(III) and 65 Zn(II) complexes of EDTA, HEDTA, DTPA, and CP20 as standards. Standard curves for these complexes are presented for buffers at pH 7.0 and pH 5.0 (Fig. 7) . Linear relationships were generated for migration distance versus complex charge/M r . The following net charges were adopted: Fe(CP20) 3 , 0; FeEDTA, Ϫ1; FeDTPA, Ϫ2; ZnHEDTA, Ϫ1; ZnEDTA, Ϫ2; and ZnDTPA, Ϫ3 (Martell and Smith, 1989) .
pKa Determination
Equilibrium constants of protonated ligands were determined using an automated, computerized system capable of simultaneously analyzing spectrophotometric and potentiometric measurements. A blank titration of 0.1 m KCl was performed to determine the electrode zero using Gran's plot method (Gran, 1952) . A combined pH electrode (Sirius Analytical Instruments, East Sussex, UK) was used to calibrate the electrode zero. The solution (0.1 m KCl, 25 mL), contained in a jacketed titration cell to maintain the temperature at 25°C Ϯ 0.5°C, was under an argon atmosphere and was acidified with 0.15-mL increments of 0.2 m of HCl dispensed from a dosimat (665; Metrohm Ltd., Buckingham, UK). The titration was repeated in the presence of ligand. The data obtained from the titrations were analyzed by the TITRFIT program, a modified version of NONLIN (Taylor et al., 1988) .
